The surface tension of liquid Sn-X (X=Ag, Cu) alloys was measured by the constrained drop method in the temperatures between 700 and 1500 K across whole composition range. Surface tension of the alloys increased with the content of Ag and Cu, and the temperature coefficient of the surface tension (d'=dT) had both positive and negative values. Experimental results were compared with the calculated results based on Butler's model. The calculated results reasonably accorded with the measurements. The effect of thermo-physical parameters on the surface tension and the temperature coefficient were examined using the model. It was found that the temperature coefficient increases as the difference in the surface tension of component metals or the excess free energy increases in the high composition range of the component metal having higher surface tension, because of the surface enhancement of the other component metal.
Introduction
Due to the difficulties in direct investigation on the surface concentration of liquid metals, it is usually estimated by calculations with available information such as the temperature and concentration dependences on surface tension. Butler's model can be applied in the calculations. 1) Butler considered that the condition of equilibrium between the surface and the bulk is expressed by eq. (1) .
where ', A i , " s i and " b i denote the surface tension of the liquid alloy, the molar surface area of pure liquid i, the chemical potential of component i in the surface, and that in the bulk, respectively. Many researchers including the authors have shown that the surface tension of liquid alloys can be predicted by Butler's model using thermodynamic database within experimental errors. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Using Butler's model, the temperature coefficient of surface tension (d'=dT) for liquid alloys can also be obtained by calculating the surface tension with changing temperature at a fixed composition. Generally, the temperature coefficients of liquid metals and alloys are negative. 13) However, it is reported that positive temperature coefficients can be observed for liquid alloys having very positive excess free energies. 14) For liquid alloys having negative excess free energies, it has not been clarified whether the temperature coefficient can have a positive value. For example, Moser et al. 12) obtained negative temperature coefficients for liquid Sn-Ag in their experiments, while positive temperature coefficients for some alloys in their calculations. In order to explain the discrepancy between them, the reason causing the positive temperature coefficients in thermodynamic calculations should be verified with experiments of high accuracy.
In the present work, the surface tension of liquid Sn-Ag and Sn-Cu alloys was evaluated across the whole composition range with varying temperature widely by both experiments and thermodynamic calculations. Recently, the authors showed that more reliable surface tension values could be obtained by the constrained drop method. [15] [16] [17] (For example, the surface tension of liquid Au showed very small relative errors from the mean value less than AE0:5%.
17)
) In the present work, the constrained drop method was applied to measure the surface tension. The apparatus and experimental techniques have been described in Ref. 16 . The experimental measurements were compared with the calculation results. In addition, to clarify the major factors determining the temperature coefficient, thermodynamic calculations for more general cases has been conducted.
Experimental Results

Surface tension of pure liquid Ag, Cu and Sn
In the calculation of surface tension of liquid alloys, the accurate surface tension of the component pure liquid metals is indispensable. Therefore, in the present work, the surface tension of liquid Ag, Cu and Sn (component metals in the SnAg, Sn-Cu alloys) was measured. In Fig. 1 , the surface tension of liquid Ag in 10%H 2 -Ar gas atmosphere is shown with the temperature between 1269 and 1474 K. (Every experiment in this article was performed in 10%H 2 -Ar gas atmosphere to prevent oxygen contaminations.) As the temperature increases, the surface tension of liquid Ag decreases, yielding a negative temperature coefficient. The surface tension of liquid Ag, then, could be expressed as eq. (2).
The deviation of measurements from eq. (2) is less than AE0:9%. In Fig. 1 , reported measurements are also drawn for comparison. 16, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Keene 30) asserted in his review that the surface tension of liquid metal measured using the sessile drop method could be lowly estimated due to the contamination from the substrates (mainly oxides), and the surface tension measured by the levitation method usually showed higher surface tension values than that by the sessile drop method because the sample in the levitation method might not be contaminated from the substrate. However, Egry et al. 29) showed that the surface tension of liquid metal droplets measured by the levitation method had been highly estimated due to the electromagnetic pressure on the liquid metal. The apparent surface tension of liquid Ag at the melting temperature was about 1060 AE 40 mN/m without considering the effect of the magnetic pressure, whereas that corrected with the effect of the magnetic pressure was 910 AE 20 mN/m. The agreement between the present measurements and those by Egry et al. is acceptable. The scatter in the measurements of the present work (AE0:9%) is smaller than that by Egry et al.
(about AE2%). On the contrary, the suggested mean values by Keene 30) (broken line in Fig. 1 ) were probably highly evaluated, because they contained uncorrected levitation data.
In Fig. 2 , the surface tension of liquid Cu is shown with temperature in the range of 1349$1560 K and expressed as a function of temperature by eq. (3).
The deviation of measurements from eq. (3) is less than AE1:0%. The accordance in the surface tension between the present work, our previous work and that by Egry et al. 29) is acceptable. The deviation in the present work markedly reduced compared to our previous results (AE2:0%). Hence, the surface tension and the temperature coefficient obtained in the present work are considered more reliable. The temperature coefficient is very close to the value (À0:22) obtained by Egry et al. Figure 3 shows the surface tension of liquid Sn with temperature. The temperature range of the experiments is 510$1334 K. From a linear regression of the measurements, the surface tension of liquid Sn is given by eq. (4).
29)
The deviation of measurements from eq. (2) 55) ). Recently, Yuan et al. 53) reported that the surface tension of liquid Sn had a non-linear relationship with the temperature when oxygen adsorption occurs on the surface of 30) ). 30) 24. Keene (mean of the reported) 30) ).
Surface 
Surface tension of liquid Sn-Ag and Sn-Cu alloys
The surface tension of liquid Sn-Ag alloys with concentrations of 10, 30, 50, 70 and 90 at% Ag was measured in the temperatures between 700 and 1500 K, and all measurements were plotted in Fig. 4 . Experimental data for each composition were estimated with a linear regression method (solid lines in the figure), and listed in Table 1 ) We will discuss on this problem later.
Thermodynamic Calculations
Butler's model was applied to estimate the thermodynamic quantities of the surface such as surface tension, surface concentration and relationships between them. Butler's model is expressed by eq. (5) for Sn-based binary alloys.
where R is universal gas constant; T, is temperature; N 
where V i is the molar volume of the element i. The constant 1.091 is introduced on the hypotheses of the close-packed configuration in a monolayer. The partial excess free energy in the surface is obtained using eq. (7) assuming that the partial excess Gibbs energy in the bulk and the surface have the same concentration dependence.
The constant (¼ 0:83) is used the value of pure metals determined from the bonding energy difference between the surface and the bulk. 3, 4) Solving eq. (5) by instituting the thermo-physical data and the excess free energy of liquid Sn-X (X=Ag, Cu) alloys listed in Table 2 , we can calculate the surface tension and the surface concentration as a function of the bulk concentration and the temperature. In Fig. 6 , the Gibbs excess free energies of various binary alloys are given. [56] [57] [58] [59] [60] [61] [62] It is found that liquid Sn-Ag and Sn-Cu have negative values.
The calculated surface tensions are also plotted in Figs. 4 and 5 with broken lines. There is slight difference between the calculations and the measurements, but the agreement between them is acceptable. Nevertheless, it is noteworthy that the positive temperature dependence is also reproduced in the calculations for liquid Sn-50 and 70 at% Ag alloys and liquid Sn-50 and 70 at% Cu alloys.
Discussion
Temperature coefficient
The theoretical temperature coefficient of the surface tension for a pure liquid metal (d'=dT) is given by eq. (8).
where T C and & are the critical temperature and the density of the liquid metal. Since d&=dT of pure liquid metals is negative, the temperature coefficient (d'=dT) for the pure liquid metals should have a negative value. On the other hand, positive temperature coefficients can be observed in liquid alloys. The positive temperature coefficient has been reported especially with the system having very positive excess free energies. (Fig. 6 63) investigated positive temperature coefficients for Fe-based alloy systems containing surface active elements such as sulfur and oxygen, yielding very positive excess free energies. 5, 7) For liquid alloys having a negative excess free energy, however, it has not been clarified whether the positive temperature coefficient be found. Moser et al. 12) observed negative temperature coefficients for liquid Sn-Ag alloys, but they pointed out that the predicted values by thermodynamic calculations showed positive temperature coefficients in the concentration range of 30 $ 60 at% Sn at the lower. In the present work, some liquid Sn-Ag and Sn-Cu alloys having negative excess free energies showed positive temperature coefficients both in the measurements and the calculations. In order to clarify the effect of the thermophysical parameters on the temperature coefficient, we testified simplified imaginary systems in the next section.
Effect of thermo-physical parameters on the temperature coefficient
Considering an imaginary A-B binary regular solution system, we calculate the surface tension using Butler's model. The melting temperature (T m ) and the surface tension at T m of pure liquid A and B are taken as 1000, 500 K and 1000, 500 mNm À1 , respectively. In addition, the temperature coefficient and the molar volume of pure liquid metals were assumed as À0:1 mNm À1 K À1 and 10 À5 m 3 mol À1 , respectively. Parameters used in this calculation are summarized in Table 3 .
Firstly, the effect of the interaction parameter ( ¼ þ10, 0, À10 kJmol À1 ) was examined with fixing other variables. (In the regular solution system, the excess free energy is given by N A N B .) The calculation was conducted across the whole composition range, but we explain with the results of two representative compositions (N b B ¼ 0:3 and 0.7) for better understanding. If we solve the eq. (5) at a fixed bulk composition with changing the temperature, the surface tension is obtained as a function of temperature. Differentiating it with respect to the temperature, we can obtain the temperature coefficient. In Fig. 7 Table 2 Thermo-physical data and partial excess Gibbs energies for the calculation of the surface tension of Sn-X (X=Ag, Cu) alloys. Hence, it is believed that the dramatic change of the temperature coefficient is due to the remarkable change in the surface concentration. From Fig. 7 , we can determine the maximum temperature to have a positive temperature coefficient. Applying the maximum temperature to Fig. 8 , we can get the surface and bulk concentrations yielding the positive temperature coefficient. It is found that the temperature coefficient is positive when N s B =N b B > 2:67 regardless the excess free energy. Thus, the enhanced level of B in the surface is considered as the main reason to cause the positive temperature coefficient. In addition, it is considered that the excess free energy contributes to the increase in the surface enhancement.
It is found that the temperature coefficient increases as increasing the excess free energy from Fig. 7 . Nevertheless, it is still interesting that the temperature coefficient shows positive values even for the system having a negative excess free energy ( ¼ À10 kJmol À1 ) in the low temperature region. Simulations for the system were conducted by changing the surface tension of pure B. In Figs. 9 In order to clarify the effect of the bulk composition, the simulations have been conducted with different compositions. In Fig. 11 , the relationship between the bulk and the surface concentration to have the zero temperature coefficients is shown. Regardless the excess free energy and the surface tension differences, the zero temperature coefficient is only described as a function of the concentration ratio between the bulk and the surface. Since we assumed that the temperature coefficient and the molar volume of pure liquid metals are constants in the present calculations, the Gibbs adsorption equation is valid.
where À i and G s,Mix are the adsorption of i and the Gibbs free energy of mixing in the surface. From eq. (9), we obtain
AdT ð10Þ
The first and second terms on the right side denote the surface entropy (S s ) and the ordering effect by the surface enhancement in unit area. Therefore, when the temperature coefficient is zero, the surface entropy is equal to the surface mixing entropy. For a regular solution, the surface mixing entropy will not depend on the interaction parameter and the surface tension difference between component metals. On the other hand, the surface composition is closely related to the bulk composition. Therefore, the zero temperature coefficients are given as a function of the ratio between bulk and surface compositions, and the positive temperature coefficients are obtained for the surface enhancement. Based on the results described above, it can be concluded that the temperature coefficient is determined by the surface enhancement, and it remarkably increase as the difference of the surface tensions and the excess free energy between the component metals increase. The simulation results are very helpful to understand the positive temperature coefficients in the Sn-Ag and Sn-Cu systems. Based on the present simulations, it is concluded that positive temperature coefficients in the Sn-Ag and Sn-Cu systems are mainly due to the enhanced level of Sn in the surface caused by the large difference in the surface tensions between the component metals, because the liquid alloys have very negative excess free energies.
Conclusions
In this paper, surface tension of liquid Sn-X (X=Ag, Cu) alloys was measured by the constrained drop method and compared with the calculated results by Butler's model using thermodynamic database. The temperature coefficients of the surface tension have both positive and negative values. From the simulation, the positive temperature coefficient was considered due to the large difference in the surface tensions between the component pure metals, yielding the enhanced level of Sn in the surface. 
